INTRODUCTION
A longstanding anecdote in ecology is that many plant species depend on early arrival at relatively open sites in order to persist in the face of superior competitors (Harper 1977) . Recently, this idea that differential dispersal capacity is key to the coexistence of plants has been supported by more rigorous quantitative analyses (e.g., Shmida and Ellner 1984) . However, although the importance of dispersal is widely recognized by plant ecologists, we still know surprisingly little about the process and mechanics of seed dispersal. In particular, although there are several data sets that report how far seeds travel from their parent plant, we lack physical models that predict dispersal distributions based on meteorological and biomechanical measurements. A physical model of seed dispersal would be extremely useful in both plant ecology and plant evolutionary biology; in this paper we strive to develop and test such a model.
Our model is an extension of the simple ballistic formulation (Pasquill and Smith 1983) x = Hu/F,
where x is the predicted horizontal distance from maternal parent to deposition site, H is the release height above the ground, F is a constant descent velocity, and I Manuscript received 29 July 1987; revised and accepted 26 June 1988.
2 Present address: Department of Geography, Concordia University, Montreal, Quebec, Canada H3G 4M8. u is the horizontal wind velocity averaged between H and the ground. Clearly, a maternal parent's seeds do not disperse the same distance as the ballistic Eq. 1 predicts. Variation in deposition distances will be due to the variance in wind speeds in the downwind (a2u), crosswind (o2 ), and vertical (o2 ) directions, and to the variance in terminal velocities (o2F) and release heights (a2H). If we are interested only in the downwind distribution of deposition distances, then spread in the crosswind direction can be removed by integrating along annuli. We define this downwind distribution of deposition distances as the dispersal curve, given as the number (or frequency) of seeds vs. horizontal distance traveled.
In this paper we deal only with seed dispersal from point sources. By point source we mean a plant with so little vertical and lateral variation in the initial detachment positions of seeds that there is negligible loss in accuracy if we portray the source as a single infinitesimal point in three-dimensional space. More specifically, if the coefficient of variation of release heights (a2H/H) is small, and if the lateral variation in starting positions is small relative to the horizontal distances traveled, then the plant can be modelled as a point source. Thus, a tall conifer with ovulate cones concentrated near the top of a narrow canopy can be regarded as a point source. By contrast, a forest of such trees dispersing seeds into an adjacent clear-cut will behave as an area source.
Terminology for the horizontal wind velocities is as follows. The average horizontal wind velocity between H and the ground during a seed's flight is termed u, and the mean of the distribution of u values during the dispersal season is u. An instantaneous horizontal wind velocity at some height (z) is given by uz, and the mean wind velocity over an entire dispersal season for that height is us. Lastly, the geometric mean wind speed of a lognormal distribution of u during the dispersal season is defined as ug.
In this paper, we will develop a simple mechanical model of the dispersal of winged seeds. This model gives the distribution of the deposited seeds away from a point source. We test our model using data from a series of experimental releases by Kohlermann (1950) and by ourselves. These data sets represent simple cases of dispersal from a single point, a brief release period, and detaching diaspores sampling randomly from the distribution of wind velocities. Next we turn to the more complex case of naturally occurring dispersal from solitary trees in open conditions. Lastly, we delineate the kinds of research needed in the future for adequate prediction of dispersal curves. In particular, we wish to stress that an understanding of the wind speeds at which diaspores detach is crucial to any attempt to predict dispersal distances.
A MICROMETEOROLOGICAL MODEL
Kohlermann (1950), Green (1980) , and Guries and Nordheim (1984) have shown that the distribution of terminal velocities for seeds of winged propagules is Gaussian. Returning to Eq. 1, the 50th percentile of a population of seeds will be dispersed a distance (xO.5) defined by x 5 = Ha/F or x 5 = Hu/F, depending on whether the distribution of u is regarded as normal or lognormal, respectively, during the dispersal season. The trajectory angle of the 50th percentile is defined by tan -TF/I or tan -TF/ug (again, depending on the distribution of u). Luna and Church (1974) reported that uz (an instantaneous horizontal wind velocity at height z) is approximately lognormally distributed for long sampling durations. Let us assume that u is also lognormally distributed during the dispersal season. Then the probability density distribution of u is A~u) I 1 _ ln(u) (2) with ug the geometric mean wind speed during the dispersal season, and au the standard deviation of ln(u).
The total seed population released by a plant during the dispersal season is defined as Q. Assuming that seeds detach randomly with respect to wind velocity (as we shall see, this is a crucial assumption) then insertion of Q in the numerator of Eq. 2 defines dQ/du, which is the frequency distribution of detaching seeds in relation to wind speeds. 
Eq. 5 provides the frequency distribution of seeds at different distances from the point source. We will call dQ/dx the dispersal curve. The distribution of trajectories about the median trajectory (arctan F/ug) will necessarily be skewed to the right, and thus the dispersal curve will be similarly skewed. The dispersal curve for density (number of seeds per unit area) of diaspores vs. distance is right skewed. This is because dividing dQ/dx by 2irx gives the density of diaspores, and the mode is shifted back toward the source. For trees, this typically results in a monotonically declining curve of density vs. distance (e.g., Ford et al. 1983 ). The curve of numbers vs. distance for area sources will also decline monotonically.
Eq. 5 ignores both the variation in F within a population of seeds on a plant and variation in vertical wind velocities. These two sources of variation can be dealt with as follows. The actual vertical descent velocity of a seed is F ? w, where w is the vertical wind velocity. This quantity will be referred to as the terminal velocity. Since the variances of F and w should be additive and independent, the variance of the observed terminal velocities (U2Fw) should be We have presented Eq. 5 as an alternative to Walker's model because ecologists will often have access only to nearby meteorological stations, which routinely collect data on u, but not on w. In cases where au and aF are large relative to aw, it may be feasible to ignore w entirely without too much underestimation of the variation in deposition distances. The problem of relating u. at a reference station to u in the vicinity of a plant is dealt with later in the paper.
Knowledge of the median distance traveled is not the only dispersal parameter of interest to ecologists. We are also interested in how numbers or density vary with distance and in the extensiveness of the tail of the dispersal curve. We have artibrarily chosen as the distance within which 84% (one standard deviation to the right of the mean trajectory in Walker's model) of the dispersed seeds fall (x0.84) to characterize the length of the tail. This distance gives an indication of the taper of the cumulative dispersal curve as well as a characterization of long-distance deposition. A second result is that as au, a,,, or a, increases, the mode is shifted back toward the source. For example, in Fig. 1 the mode for curve C lies at 11 m, whereas the mode for curve A is found at 18 m.
METHODS

Experimental releases from point sources
In order to test Eq. 5, we first released samaras of lodgepole pine (Pinus contorta Dougl. var. latifolia Engelm.) from a meteorological tower in an open area of short-cut grass on the campus of the University of Calgary. We then went on to release seeds of other species and to analyze data collected by Kohlermann (1950) . These additional releases were used to test Eq. 1 as well as Eq. 5 and to assay the generality of the nondimensional results of the Pinus contorta trials. (It has been shown by Greene (in press) that xF/Hu is the correct scaling quantity.) For each trial there was no variation in release height or lateral release position; release periods were <4 h, and, crucially, diaspores were released randomly with respect to wind velocity. Among trials, there was wide variation in H, ii, F, and Kohlermann (1950) simultaneously released winged diaspores of 12 species. Wind velocity between H and the ground was obtained using anemometers positioned at different heights. For her trials, the release height was 14 m, u ranged from 1.7 to 10.5 m/s, and, depending on the species, F ranged from 0.55 to 1.49 m/s. For the majority of her trials, she reports only the mean distance and range for each species: we used the mean distance to test Eq. 1. For three species in a single trial she graphs the full dispersal curves. These three species were Tilia parviflora L., Acer pseudoplatanus L., and Acer platanoides L., and F for these was 1.33, 0.95, and 0.87 m/s, respectively.
Natural releases from solitary trees
Having examined dispersal from simple point sources, we turn to the more complex case of dispersal from an isolated tree. We treated these isolated trees as simple point sources, thus ignoring any variation in release height. We made the assumption that diaspores detach randomly with respect to wind speed. For this portion of the study, we used two isolated trees on the campus of the University of Calgary: Acer negundo and Fraxinus americana. In addition, we used a study by We now must determine R from H to the ground for the three trees. In the simplest case of neutral stability, buoyancy effects can be ignored, and the wind velocity will decrease logarithmically between H and z0. The quantity z0 is a measure of the roughness of the surface and is related to the height of the roughness elements (Oke 1978) . Under neutral conditions, the arithmetic average wind velocity will be found at a height equal to H/e, where e is the base of natural logarithms. The velocity distribution for the neutral condition is specified by Here we are assuming that the friction velocity is the same at the two sites during the dispersal season. For our two trees on a short lawn, z0 should be on the order of 0.02 m (Oke 1978 ). This value of z0 applies to Lamont's study site as well (B. Lamont, personal communication).
For the Fraxinus and Acer, the diaspores were dispersed onto a playing field beginning in early September 1986, and dispersal was still continuing the following February when we collected the fallen fruits. These 6 mo were exceptionallly warm, and snow covered the ground for < 10% of this period. For both trees, fruits were enumerated in 1 _M2 quadrats along four transects. The mean density of fruits at any x was multiplied by 27rx to provide the estimated number of fruits at each distance. The meteorological station was 250 m from the two trees. fZR at 10 m was obtained from this station for the period 1 September 1986 to 15 February 1987, based on instantaneous hourly velocity readings for wind directions corresponding to the compass directions of the set of transects. Terminal velocities were based on still air measurements of a random sample of 100 dispersed fruits for each tree. The fruits were dried at room temperature for 1 mo before these fall velocities were measured. Lamont (1985) provides a graph of mean daily wind velocity during the dispersal season. We computed UZR from this graph as an arithmetic mean.
RESULTS
Fig. 2 compares the observed deposition curves vs.
those predicted by the model for the five Pinus contorta trials. As expected, the observed curves show the characteristic right skew. Table 1 summarizes the more important results. The ratios of observed to predicted maximum deposits range from 0.83 to 1.19. The model did not do as well in predicting the location of the mode, for which observed to predicted ratios ranged from 0.75 to 1.83. These observed/predicted ratios are within the range of those reported when similar models have been applied to the dispersal of glass microspheres (Walker 1965 , Stewart 1968 . The tendency to underestimate the location of the mode was found in the studies of glass microspheres. Table 1 also lists the ratios of observed to expected distances for the locations of the 10th, 50th, 90th, and 95th percentiles. It is clear that at very short distances, the model performs poorly. However, performance is much improved beyond one source height away. For the 50th percentile, the ratios range from 0.77 to 1.3, and by the 95th percentile locations are somewhat underpredicted, the ratios range only from 0.8 to 1.0.
Since au and a, do not vary greatly among trials, we could expect the five curves to be quite similar when plotted with a dimensionless "distance." Fig. 3 In Fig. 4 , we plot the results for Tragopogon dubius, Fraxinus americana, and Acer negundo. The modes lie on or to the left of 1.0 on a dimensionless abscissa (Fig.  4) . Both dispersal models discussed above predict that the mode should be < 1.0 unit. The spread about 1.0 is similar for these three species and for Pinus, indicating that a. (the standard deviation of trajectory angles) must have been similar during the three trials, and that the estimate of R based on a single anemometer is not grossly in error.
Results for the three species for which Kohlermann (1950) gives the full dispersal curve are plotted in Fig.  5 . Compared with the Pinus curve, the spread is much reduced. This is expected because the much longer release period for Pinus should lead to much greater variation in horizontal and vertical wind speeds. The mode is to the left of 1.0 for all three species.
In Fig. 6 , the mean distance traveled is graphed against HI/F for Kohlermann's (1950) trials and for our trials using Pinus, Fraxinus, Acer, and Tragopogon. The diagonal line has a slope of 1.0. It appears that given the moderate skew of these dispersal curves, HRI/F is a good predictor of x. Fig. 7 shows the dispersal curves for Acer, Fraxinus, and Nuytsia, and again we see the characteristic right skew. However, unlike the experimental releases, mode and median are now shifted well to the right of 1.0. As we will discuss below, this is most likely the result of an underestimation of R. Even if we had used R ZR9 these three curves would be displaced to the right of the Pinus curve.
DISCUSSION
Dispersal curves
The model performed well for the simplest case of a point source dispersing seeds randomly with respect to horizontal wind velocity. All the experimental releases showed a peak in deposition at some nondimensional distance at or to the left of 1.0 as predicted by Eq. 5. All showed a right-skewed curve. The shape and modal location of the nondimensional plots are similar for Pinus, Fraxinus americana, Acer negundo, and Tragopogon. The variation in dispersal distances is sharply reduced for Kohlermann's (1950) three trials, but this is to be expected because of the near-instantaneous release period. Substituting n or Rg in Eq. 1 provides a good estimate of the mean or median distance traveled by a diaspore population.
The three dispersal curves represented in Fig. 7 show the expected right-skewed curve; however, contrary to the prediction of Eq. 5, the mode and median are shifted well to the right of 1.0 unit. We think the most likely explanation for this shift to the right (which corresponds to an underestimation of xO5 and of the modal frequency) is that some minimum detachment speed exists, so that our computation of R is an underestimate of the actual mean detachment speed experienced by the fruits. That some minimum speed must exist is demonstrated by the observation that virtually no fruits of Acer and Fraxinus were found under the parent's canopy despite the fact that horizontal wind velocities <0.5 m/s were common during the dispersal season. An alternative explanation is that these fruits preferentially disperse during the afternoon, when u is typically greatest. At the University of Calgary site the afternoon (1200-1400) UZR was 1.6 times the daily UZR' Indeed if the isolated Fraxinus and Acer trees only dispersed during the afternoon, and did so randomly with respect to horizontal wind velocity during those periods, they would show nondimensional plots quite similar to those in Figs. 3 and 4.
Detachment speeds
It is clear that high detachment wind speeds enhance dispersal as much as do low terminal velocities. Doubling the detachment speed has the same effect as halving F. Unfortunately, we known little about how detaching diaspores "sample" from the distribution of u. Kohlermann (1950) found that release of conifer seeds in a forest was controlled primarily by relative humidity and showed little correlation with wind speed. Augspurger (1986) has argued that observed mean dispersal distances for winged fruits in a forest in Panama correspond generally to the expectations of Eq. 1 with ii between 1.75 (mean daily speed) and 3.5 m/s (mean speed at noon) during the dispersal season (measured in a nearby clearing). On the other hand, Ford et al. (1983) argued that most Betula uber samaras were collected from seed traps following periods of unusually high wind velocities. Ford (1985) also reported a minimum wind speed for detachment of the achene-pappus units of two agamospecies of Taraxacum. Likewise, Kohlermann (1950) found a minimum detachment speed of -2 m/s for the winged fruits of six angiosperm species. Other evidence of the role of wind velocity in seed detachment comes from Lamont (1985) , who reported that most fruits of Nuytsia were found in those compass bearings that had the highest frequency of daily gust maxima. This subject clearly warrants more investigation. In particular, we need to know if there is a minimum detachment speed and how this minimum might change as the abscission layer develops. Further, we must know if speeds greater than the minimum have equal effect on the likelihood of detachment.
It would seem that minimum detachment speeds are not excessively high (say, < 3 m/s), because a nonnegligible proportion of diaspores is found at distances < 3 H/F (Kohlermann 1950 [data reported in Geiger 1965, however, the data are not in that paper]; Augspurger and Hogan 1983, Ford et al. 1983 , Lamont 1985 ; and the two isolated trees we reported above). As an initial generalization, then, we agree with Augspurger (1986) that the mean detachment speed is probably not a great deal higher than the measured mean daily speed. Nonetheless, our understanding of minimum detachment speeds is necessary for realistic prediction of dispersal curves.
